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ABSTRACT

We present results from Chandra observations of SDSS J1004+4112, a strongly lensed quasar system
with a maximum image separation of 15′′. All four bright images of the quasar, as well as resolved
X-ray emission originating from the lensing cluster, are clearly detected. The emission from the
lensing cluster extends out to approximately 1.′5. We measure the bolometric X-ray luminosity and
temperature of the lensing cluster to be 4.7×1044 erg s−1 and 6.4 keV, consistent with the luminosity-
temperature relation for distant clusters. The mass estimated from the X-ray observation shows
excellent agreement with the mass derived from gravitational lensing. The X-ray flux ratios of the
quasar images differ markedly from the optical flux ratios, and the combined X-ray spectrum of the
images possesses an unusually strong Fe Kα emission line, both of which are indicative of microlensing.
Subject headings: galaxies: clusters: general — gravitational lensing — quasars: individual

(SDSS J100434.91+411242.8) — X-rays: galaxies

1. INTRODUCTION

The quadruply lensed quasar SDSS J1004+4112, first
identified as a gravitational lens candidate from opti-
cal imaging and spectroscopy from the Sloan Digital
Sky Survey (SDSS; York et al. 2000), has an exception-
ally large image separation of ∼ 15′′ (Inada et al. 2003;
Oguri et al. 2004). The z = 1.734 quasar is multiply im-
aged by a cluster of galaxies (rather than a galaxy) at
z = 0.68. This is the only known quasar strongly lensed
by a central part of a massive cluster. The quasar ap-
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pears to be radio-quiet since it is not detected in radio
surveys such as the FIRST survey (Becker et al. 1995).
Subsequent observations revealed additional intriguing
aspects of the system. Richards et al. (2004) discovered
time variability in the blue wings of several optical broad
emission lines, which can be plausiblly interpreted in
terms of microlesning. Hubble Space Telescope images
detected the fifth image (Inada et al. 2005) and mul-
tiply imaged background galaxies (Sharon et al. 2005).
SDSS J1004+4112 appears to be an ideal laboratory for
exploration of the structure of a large cluster of galaxies
and a quasar.

The uniqueness of SDSS J1004+4112 affords advan-
tages that strongly argue for multiwavelength observa-
tions, of which X-ray observations constitute an essential
part. Measurement of the X-ray properties of the lens-
ing cluster offers an opportunity to improve lens models
of SDSS J1004+4112. Moreover, the lensing cluster is
the first example of a strong-lens selected cluster; it is
interesting to determine if the cluster follows the em-
pirical scaling relations between luminosities, tempera-
tures, and masses. Second, we can investigate the mag-
nification ratios of the quasar images at X-ray wave-
lengths, which may aid the interpretation of the mi-
crolensing event that has been observed at optical wave-
lengths (Richards et al. 2004). Indeed, X-ray flux ratios
of lensed quasars are frequently different from optical
flux ratios; this phenomenon has been attributed to mi-
crolensing (Chartas et al. 2004; Blackburne et al. 2006).

In this paper, we report our analysis of an observation
of SDSS J1004+4112 with the Chandra X-Ray Obser-
vatory. A key feature of Chandra images is the high
angular resolution (on the order of 1′′); this resolution
is required to allow reliable separation of the X-ray flux
of the lensing cluster from that of the quadruply im-
aged quasar. In this paper we will adopt a cosmological
model with the matter density ΩM = 0.27, the cosmo-
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logical constant ΩΛ = 0.73, and the Hubble constant
H0 = 70 km s−1Mpc−1 (Spergel et al. 2003). At the
redshift of the cluster (z = 0.68), 1′′ corresponds to
7.16 kpc. Unless otherwise specified, quoted errors in-
dicate the 90% confidence range.

2. OBSERVATIONS

SDSS J1004+4112 was observed for 80 ks with the
Chandra Advanced CCD Imaging Spectrometer (ACIS;
Garmire et al. 2003) on 2005 January 1 and 2. The
data were obtained with the ACIS S3 CCD operating
in VFAINT mode. This CCD has a 1024 × 1024 pixel
format with an image scale of 0.′′492 pixel−1. The target
was offset from the nominal aim point with a Y-offset of
−1′, however, this has little effect on the spatial resolu-
tion. The CCD temperature during the observations was
−120◦C.

The data were processed using the standard software
packages CIAO 3.2.1 and CALDB 3.0.3. In the analysis
of diffuse emission from the cluster (§3), periods of high
background rates (defined by > 20% higher than the qui-
escent rates in the 2.5–7 keV band) were removed; the
net exposure time is 62042 s. On the other hand, the
data without lightcurve-filtering (79987 s) are used in the
analysis of quasar components (§4) since the background
counting rate is negligibly small for point sources.

The full band (0.5–7 keV) ACIS image is shown in
Figure 1. The four images of SDSS J1004+4112 are
clearly detected and resolved. We found astrometry off-
sets for the Chandra data, (∆RA, ∆Dec)=(0.′′4 ± 0.′′1,
−0.′′1± 0.′′1), from a comparison of three sources that lie
within 65′′ from the aimpoint with those identified by the
SDSS survey. After correcting for the mean offsets, the
measured coordinates of the four X-ray quasar images are
consistent with those obtained with Subaru (Oguri et al.
2004) within < 0.′′2. In addition, extended emission,
roughly centered on the quasar images and extending out
to r ∼ 1.′5, is seen in the X-ray data. This component
should arise from hot gas in the lensing cluster. The rel-
ative offsets of the coordinates of image A and the peak
of the diffuse emission are (∆RA, ∆Dec)=(−7.′′4 ± 1.′′0,
4.′′7±1.′′0); the location of the peak of the extended emis-
sion is consistent with the position of the brightest cluster
galaxy G1.

In the ACIS-S3 field, 39 point-like sources including the
four quasar images were detected with the wavdetect al-
gorithm with a significance threshold parameter of 10−6.
The bright source at (10:04:34.262, +41:12:20.33) with
an X-ray flux of ∼ 1.0 × 10−13 erg s−1cm−2 (0.5–7 keV)
has been observed serendipitously as part of the follow-
up program to spectroscopically monitor components A
and B at APO (Richards et al. 2004); a low S/N spec-
trum indicates a redshift of z ∼ 1.26, which is marginally
consistent with the second most likely photometric red-
shift (z = 1.325 with 26% confidence). The power-
law slope, αox, connecting the rest frame 2500Å and
2 keV flux densities, is ∼ −1.2, which is roughly con-
sistent with the αox-UV luminosity relation of AGNs
(Strateva et al. 2005; Steffen et al. 2006). The source at
(10:04:33.653, +41:13:07.24) has an X-ray counting rate
of (4.4 ± 0.7) × 10−4 counts s−1, and it is not a counter
lens image of the southern bright source as the separation
angle is too large.

3. LENSING CLUSTER

3.1. Spectral Analysis

We derive the spectrum of the cluster component by
extracting the data from the circular region within a ra-
dius of 1′ that is centered on the position of the galaxy
G1. The fluxes from the four quasar images and several
additional point sources were removed from the spectral
integration area by excluding all regions within a radius
10 times the size of the point spread function (PSF) at
the source positions. Here the size of PSF is defined as
the 40% encircled-energy radius at 1.5 keV at the source
position. The background was estimated from the data
in a surrounding annulus (2′ < r < 2.′5). The source
and background counts within r < 1′ are 1629 ± 54 and
906±20 respectively. The 0.5–7 keV extracted spectrum
is fitted with the MEKAL thin-thermal plasma model
(Mewe et al. 1985, 1986; Kaastra 1992; Liedahl et al.
1995) utilizing the XSPEC version 11. In this exer-
cise, the Galactic hydrogen column density is fixed to
NH = 1.13 × 1020cm−2 (Dickey & Lockman 1990). The
X-ray temperature is constrained to be kT = 6.4+2.3

−1.4 keV
and the metal abundance to be Z = 0.21Z⊙ (the 90% up-
per limit is 0.62Z⊙). The Galactic absorption-corrected,
0.5–7 keV flux is 1.62×10−13 erg s−1cm−2 (r < 1′). The
bolometric X-ray luminosity within r500 is estimated as
LX = 4.7 × 1044 erg s−1, where r500 is defined as the ra-
dius within which the average matter density is equal to
∆c = 500 times the critical density of the Universe at
the cluster redshift. The β-model analysis in § 3.2 yields
r500 = 0.79 Mpc. This luminosity is lower than the mean
value expected from the luminosity-temperature relation
of distant clusters, LX = 1.9+2.4

−1.2×1045 erg s−1 (Ota et al.
2006), but our estimated value is within the observed
scatter of the data. The reduced chi-square of the best-
fit model is χ2/dof = 31.4/42.

To investigate the radial temperature profile, we fur-
ther analyzed spectra integrated from the inner r <
0.′23(∼ 100 kpc) region and the outer 0.′23 < r < 1′ re-
gion of the lensing cluster. The fitted temperatures are
kT = 6.3+2.5

−1.7 keV and 5.9+3.4
−1.5 keV, respectively. These

results suggest that there is not a strong temperature
drop towards the cluster center, indicating radiative cool-
ing is not important in this cluster.

3.2. X-ray Surface Brightness Profile

The one-dimensional radial surface-brightness profile
of the extended X-ray emission was constructed by
adopting a center at G1 and azimuthally averaging the
0.5–5 keV image, which was corrected for the tele-
scope’s vignetting and the detector responses and re-
binned by a factor of two (i.e., 1 processed image pixel
is 0.′′98). As shown in Figure 2, the radial profile was
fit with the following two models: (1) the conventional
β-model S(r) = S0[1 + (r/rc)

2]−3β+1/2, and (2) the
profile derived from the universal mass profile proposed
by Navarro et al. (1997) plus isothermality of the clus-
ter (Suto et al. 1998, hereafter NFW-SSM). The back-
ground was set to a constant in the fitting. We find that
both models can fit the observed radial profile reason-
ably well: The reduced chi-square is χ2/dof = 213.2/196
and 205.5/196 for the β-model and NFW-SSM model, re-
spectively. The fitted values of the β-model parameters
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are β = 0.59+0.05
−0.04 and rc = 9.7+2.0

−1.7 arcsec(= 69+15
−13 kpc),

while the NFW-SSM model results in B = 9.1+1.2
−0.8 and

rs = 39+12
−9 arcsec(= 278+85

−62 kpc). The profile of the
intra-cluster medium (ICM) has a compact core, typical
of observed surface brightness profiles of relaxed clusters.

The fit shows excess flux in the measurements com-
pared to the models within r . 15 kpc (Figure 2).
This is often seen in central regions of relaxed clus-
ters (e.g., Mohr, Mathiesen & Evrard 1999). The cen-
tral emission is significantly extended compared with the
PSF. The 3-σ upper limit on a point-source luminosity
is ∼ 4.4×1042 erg s−1 (0.5–5 keV) assuming a power-law
spectrum with index Γ = 2 and a source redshift of z =
0.68. The excess luminosity within r < 2′′ is estimated as
∼ 7 × 1042 erg s−1 (0.3–8 keV), which is higher than for
a typical elliptical galaxy and rather comparable to that
of a cD galaxy in nearby clusters (e.g., Matsushita et al.
2000; O’Sullivan et al. 2001). Note that we subtracted
the best-fit β-model component from the total emission
assuming the MEKAL model with kT = 6.4 keV and
Z = 0.21Z⊙ for the cluster spectrum. The B-band lu-
minosity of the galaxy G1 is LB ∼ 3 × 1011L⊙ from the
g magnitude of 22.11 (Inada et al. 2003) and the color-
transformation law for elliptical galaxies (Fukugita et al.
1995). The above values may follow the LX − LB re-
lation for elliptical galaxies (e.g., O’Sullivan et al. 2001)
and the excess flux may be attributed to hot ISM emis-
sion from the central galaxy. However, the X-ray tem-
perature inferred from the hardness ratio is 2.3+2.2

−1.0 keV
assuming a Z = 1Z⊙ MEKAL model. This is marginally
high for a typical elliptical galaxy. Thus we might be
looking at a superposition of the galaxy component and
central emission from the cluster. Given the present pho-
ton statistics, however, it is not possible to constrain
further the origin of the emission. Note that the to-
tal X-ray luminosity of unresolved low-mass X-ray bina-
ries is expected to be of the order ∼ 1041 erg s−1 (e.g.,
Kim & Fabbiano 2004) and contributes only ∼ 1% to
the excess luminosity. X-ray emission from the central
fifth image (Inada et al. 2005) is unlikely: the contribu-
tion is estimated to be only ∼ 3 − 9 counts (i.e., about
5 − 15% of the central r < 2′′ emission) assuming that
the X-ray emission from the fifth image has similar in-
tensity ratios as those measured in the HST ACS image.
The observed profile may be better fitted by introduc-
ing the two-component β-models or increasing the inner
slope parameter α in the NFW-SSM model; however, we
will not pursue this process further since the above two
models already provided acceptable fits to the data. A
considerably deeper observation is needed to constrain
further the gas profile in the innermost region.

From the image analysis, the extent of the X-ray emis-
sion above the 3-σ background level is found to be
rX = 91′′(= 652 kpc) (Figure 2), which is close to an
overdensity radius of r500 = 0.79+0.15

−0.11 Mpc.

3.3. Cluster Mass Distribution

Under the assumption of hydrostatic equilibrium, we
can infer the mass distribution of the lensing cluster from
the X-ray temperature and surface-brightness profiles.
Because there is not a significant radial dependence of
the X-ray temperature in the observations, we assume
isothermality of the gas in the mass estimation. Figure 3

shows the cylindrical cluster mass projected within a ra-
dius r derived from each surface mass distribution profile.
We find that both models yield consistent mass profiles
within the measurement errors.

It is interesting to compare the mass derived from
X-ray analysis with that from gravitational lensing.
Williams & Saha (2004) derived the cylindrical mass to
be M(< 100 kpc) = (5± 1)× 1013M⊙, and Sharon et al.
(2005) estimated M(< 110 kpc) = 6 × 1013M⊙. From
Figure 3, it is clear that both mass estimations are in
excellent agreement with the mass profile from the X-
ray observation. For instance, we find the cylindrical
masses within 100 kpc for the β-model and NFW-SSM
model are 5.2+2.0

−1.2 × 1013M⊙ and 5.0+1.8
−1.1 × 1013M⊙, re-

spectively. The discrepancy between X-ray and lensing
masses has been reported in many lensing clusters (e.g.,
Hattori et al. 1999), and is often ascribed to the pro-
jection of the extra matter along line-of-sight, the elon-
gation of the lensing cluster along the line-of-sight di-
rection, or a departure from equilibrium. The excellent
agreement between X-ray and lensing masses implies that
none of these effects is significant for SDSS J1004+4112.

For the NFW-SSM model and ∆c = 18π2Ω0.427

(Nakamura & Suto 1997), the virial mass and the con-
centration parameter are constrained to be Mvir =
6.0+3.7

−2.1 × 1014M⊙ and cvir = 6.1+1.5
−1.2. The value of the

concentration parameter is slightly larger than the theo-
retically expected median value for this virial mass and
redshift, cvir ∼ 4.0 (Bullock et al. 2001), but is within
2-σ scatter among different clusters.

4. QUASAR IMAGES

4.1. Anomalous Flux Ratios

The observed source counts for the four images, A–D,
are 1237, 1580, 1312, and 763, in the 0.5–7 keV band,
respectively. Light curves were produced with time res-
olutions of 2048 or 4096 sec. We did not find any clear
sign of time variability within the statistical uncertain-
ties. Note that each component was extracted using a
circular region with a radius of 2′′ in the analysis pre-
sented in this section. The sum of the background and
contamination from the cluster emission are estimated to
be only ∼ 1% of the source counts for A–C, and ∼ 3% for
D, and are negligibly small compared to the statistical
errors of the source spectra.

We measure the energy fluxes of lensed images in the
Chandra data by fitting each spectrum with a power-law
plus Gaussian line model (see the next subsection for
details). The results are summarized in Table 1. The X-
ray flux ratios differ significantly from those measured in
the optical (Inada et al. 2005). Since for fold lenses such
as SDSS J1004+4112, the two images near the critical
curve are usually brighter than the other two images and
since the optical flux ratios were reproduced with sim-
ple mass models (Oguri et al. 2004), we believe that the
X-ray, rather than the optical, ratios are “anomalous”.
The optical/X-ray flux ratios of images C and D are al-
most the same, therefore the most natural interpretation
is that the image A is demagnified by a factor of ∼ 3 in
X-rays. This interpretation is consistent with the obser-
vation that image A appears to be a saddle-point image
(Oguri et al. 2004; Williams & Saha 2004) which is more
likely to be demagnified by perturbations than the other
images (Schechter & Wambsganss 2002). While the op-
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tical data compared in Table 1 were taken on 2004 April
28 (Inada et al. 2005), the demagnification of image A
in X-rays is further supported by optical observations on
2004 November 27 and 2005 April 26 with the MAGNUM
telescope (Yoshii 2002). By linearly interpolating these
two R-band imaging observations, we infer optical flux
ratios on 2005 January 1 to be B/A=0.69, C/A=0.40,
and D/A=0.29, which are not very different from those
listed in Table 1.

In Table 1, we also show the values of αox to check
the consistency of the X-ray and optical fluxes. The val-
ues are somewhat higher than the α = −1.33 that is
expected from the UV luminosity of SDSS J1004+4112,
l(2500 Å) = 1029.0 [erg s−1 Hz−1] (assuming a magnifica-
tion factor of µ = 50 for image A; Oguri et al. 2004) and
the best-fit αox-UV luminosity relation (Steffen et al.
2006). From Table 5 of Steffen et al. (2006), αox is
−1.408 ± 0.165 and −1.322 ± 0.192 for log l(2500 Å) =
29 − 30 and log l(2500 Å) = 28 − 29, respectively. Thus
the derived αox is within the 1-σ (2-σ) scatter for A (B–
D).

4.2. X-ray Spectrum

The spectrum of the lensed quasar component is dis-
played in Figure 4. To enhance the signal-to-noise ra-
tio, the total spectrum (sum of the images A, B, C, and
D) is plotted. We fit the spectrum with a power-law
model. Again, the Galactic hydrogen column density is
fixed to NH = 1.13× 1020cm−2 since we did not find sig-
nificant intrinsic absorption. This model is rejected at
the 90% confidence level (χ2/dof = 144.0/115). We plot
the residual of the data against the best-fit model in Fig-
ure 2a, which shows ∼ 2 − 3σ excesses in adjacent bins
around 2.3 keV in our frame. Then we mask these bins
and those to either side (9 bins from 2.26–2.66 keV) and
fit a power-law model. The chi-square becomes signifi-
cantly smaller (χ2/dof = 99.5/106). The above results
suggest the presence of an emission line component at
∼ 2.3 keV. We then fit the spectrum with a power-law
plus Gaussian line profile model (see Figure 4b). In com-
parison to just a power-law model, the fit was improved
at the > 99.99% confidence level according to the F -test
(∆χ2 = 35.9 for three additional parameters). The fit-
ting yields the power-law index Γ = 1.90± 0.04, the cen-
troid energy of the line E = 6.32+0.15

−0.14 keV, and the Gaus-

sian width of the line σ = 355+128
−169 eV. The line centroid

is consistent with the neutral iron Kα line at 6.4 keV in
the quasar rest frame and the derived σ suggests that
the line is intrinsically broad. From the result, we can
compute the equivalent width EW = 768+236

−227 eV in the

quasar rest frame. The luminosity is 4.8×1045 erg s−1 in
the 2–10 keV band. In the case of µ = 50 for the image A,
though the lens models that are consistent with the data
allow a wide range of µ (Oguri et al. 2004), the intrinsic
quasar luminosity is estimated to be ∼ 2.4×1043 erg s−1

(2–10 keV). This is within the luminosity range of Seyfert
galaxies (e.g., Green et al. 1992). The reduced chi-square
of the best fit model is χ2/dof = 108.1/112.

There is a well-known negative correlation between the
strength of the iron line and the X-ray luminosity in
quasars (e.g., Nandra et al. 1997). The derived equiv-
alent width is larger by a factor of ∼ 3 than that ex-
pected from the relation of Nandra et al. (1997) and a

factor of & 4 than that from recent XMM-Newton ob-
servations (Page et al. 2004; Jiménez-Bailón et al. 2005).
Combined with the result in §4.1, we speculate that mi-
crolensing demagnifies the X-ray continuum of image A,
while keeping (or amplifying) the Fe Kα line. More-
over, microlensing of emission lines in the optical band
has been detected for this lens system (Richards et al.
2004), providing additional evidence for the microlens-
ing hypothesis. The relative enhancement of Fe Kα line
has often been observed in the X-ray emission of lensed
quasars (Oshima et al. 2001; Chartas et al. 2002, 2004;
Dai et al. 2003), and interpreted in terms of microlens-
ing. Indeed, the relative enhancement of Fe Kα line can
be reproduced if the emission is separated in two regions
(e.g., Popovic et al. 2006).

The origin of the strong Fe Kα line is further explored
by analyzing the spectrum of each image, rather than
the sum of all images. To measure the line intensities,
we fit them with the power-law plus Gaussian model.
The centroid energy and the width of the line as well
as the power-law index are allowed to vary in the fit.
The best-fit parameters and the 90% errors are listed
in Table 2. We found that the spectral parameters for
the four images agree with each other at the 95% con-
fidence level, although the parameters, particularly the
line width, show large uncertainties. The fitting results
are also statistically consistent with those derived for the
total spectrum. We then performed spectral fitting with
E, σ and Γ fixed to the best-fit values for the total spec-
trum (Figure 5) and calculated the equivalent widths
(Table 1). Although the errors are very large, the Fe
Kα line is detected most significantly for image A, sup-
porting the interpretation above. We also find that the
hardness ratios of the images are marginally consistent
with each other (see Table 1).

Green (2006) recently proposed that spectral differ-
ences between lensed quasar image components are due
to small line-of-sight differences through quasar disk
wind outflows. In particular, the author suggested that
SDSS J1004+4112 components B-D suffer from absorp-
tion in a disk-wind outflow and that the blue enhance-
ments in SDSS J1004+4112 A (Richards et al. 2004)
could be due to the alleviation of absorption along that
sightline. Indeed, the A-B diffference spectrum from
Keck/LRIS spectroscopy of C IV region (Oguri et al.
2004) resembles that of the troughs seen in a broad ab-
sorption line (BAL) quasar. However, the observed line
profiles and transitions involved (e.g., He II) mean that
these features more plausibly result from excess emis-
sion in component A rather than absorption in compo-
nent B. In addition, quasars with intrinsic UV absorp-
tion (e.g., BAL troughs) are generally X-ray faint due to
a large intrinsic X-ray absorption (NH ∼ (0.1 − 10) ×
1023 cm−2;e.g., Brandt et al. 2000; Green et al. 2001;
Gallagher et al. 2002, 2006), however, intrinsic absorp-
tion was not significantly detected in the X-ray spec-
tra of the four images; the 90% upper limit on the col-
umn density is obtained to be NH < 5 × 1021 cm−2, 5 ×
1021 cm−2, 4 × 1021 cm−2, and 8 × 1021 cm−2 for A–D,
respectively. Here we assumed neutral absorbing mate-
rial at z = 1.734. In the case that the absorber is highly
ionized and has high velocity flow, as proposed by Green
(2006), X-ray spectra with considerably better statistics
are required to test the model. Moreover, if the differ-
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ential absorption is responsible for the different X-ray
spectra of A and B, we expect (and Green (2006) pre-
dicts) that the image A should be less absorbed in the
X-ray. Instead, however, component A has the smallest
X-ray to optical flux ratio and the X-ray flux ratio is
A/B = 0.79 ± 0.03 (the 1-σ error; see Table 1). Thus,
given multiple independent indications, we conclude that
the microlensing phenomenon is the most natural inter-
pretation for the present data.

5. SUMMARY

We have presented results from Chandra observations
of SDSS J1004+4112, a large-separation gravitational
lens system created by a cluster of galaxies. We have
detected X-ray emission from the lensing cluster as well
as four lensed quasar images.

From the cluster X-ray emission, we have constrained
the bolometric luminosity and the temperature to be
LX = 4.7 × 1044 erg s−1 and kT = 6.4+2.3

−1.4 keV, consis-

tent with the luminosity-temperature relation of distant
clusters. We have reconstructed the mass profile of the
lensing cluster assuming isothermality and hydrostatic
equilibrium, and found that the mass within 100 kpc ex-
cellently agrees with that expected from strong lensing.

X-ray emission from the lensed quasar images displays
two anomalies: the presence of a strong Fe Kα line and
significant differences in the flux ratios from those found
in the optical band. Both of these features are suggestive
of microlensing. The idea is supported by the fact that
image A, which appears most anomalous, is a saddle-
point image.
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TABLE 1
X-ray and Optical Properties of SDSS J1004+4112

Name FX
a hardnessb Fopt

c Fopt/FX αox EW [eV]d

A 0.95 ± 0.03 0.30 ± 0.02 1.00 1.00 −1.27 ± 0.01 1151+374
−554

B 1.21 ± 0.03 0.26 ± 0.02 0.73 0.58 −1.16 ± 0.01 593+284
−446

C 1.01 ± 0.03 0.27 ± 0.02 0.35 0.33 −1.12 ± 0.01 842+443
−389

D 0.56 ± 0.02 0.34 ± 0.03 0.21 0.35 −1.10 ± 0.01 552+369
−268

aAbsorption-corrected, 0.5–7 keV X-ray flux in units of 10−13erg s−1cm−2 and the
1-σ error.
bHardness ratios defined by the count rate ratios in 2 − 7 keV and 0.5 − 2 keV

bands. Errors indicate 68% confidence limits.
cFlux normalized by the flux of image A in the HST F814W image (Inada et al.

2005). Measurement errors are negligibly small.
dEquivalent width of the Fe Kα line in the quasar rest frame.

TABLE 2
Results of spectral fitting for quasar components

Name Γa E [keV]b σ [keV]c EW [eV]d χ2/dof ∆χ2

A 1.92+0.10
−0.09 6.15+0.26

−0.20 0.36+0.17
−0.28 1252+516

−496 31.0/20 18.5

B 1.97 ± 0.08 6.45+0.15
−0.11 < 0.63 615+321

−321 22.3/20 9.6

C 1.97 ± 0.09 6.25+0.35
−0.23 0.37(< 0.76) 1077+522

−535 14.7/20 14.9

D 1.77 ± 0.11 6.12+0.31
−0.27 0.26(< 0.62) 834+521

−575 30.8/20 7.3

A+B+C+D 1.90 ± 0.04 6.32+0.15
−0.14 0.36+0.13

−0.17 768+236
−227 108.1/112 35.9

aPower-law index.
bCentroid energy in the quasar rest frame.
cLine width in the quasar rest frame.
dEquivalent width of the Fe Kα line in the quasar rest frame.
eChi-square and the degree of freedom of the fit.
fImprovement of the chi-square in comparison to the power-law model.



Chandra Observations of SDSS J1004+4112 7

Fig. 1.— Adaptively-smoothed ACIS-S3 image of SDSS J1004+4112 in the 0.5–7 keV band. Both multiple images of SDSS J1004+4112,
A–D, and the extended emission from the lensing cluster (whose X-ray peak is marked with the cross) are clearly seen. The images A and
B, which have a minimum angular separation of 3.′′8, are also resolved in the raw image. The point source at (10:04:34.294, +41:12:20.22)
is a quasar (see text).

Fig. 2.— Results of the X-ray surface brightness profile fitting with (a) the β-model and (b) the NFW-SSM model. In each panel, the
crosses show the observed surface brightness in the 0.5–5 keV band and the solid line shows the best-fit model. The background is shown
with the horizontal dotted line. The vertical dashed line shows the extent of the diffuse X-ray emission, rX (see text).
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Fig. 3.— Enclosed mass of the lensing cluster, MX, for the β-model (black) and the NFW-SSM model (red). The dotted lines indicate
the 90% error ranges. Note that MX is a cylindrical cluster mass projected within a radius r. The masses derived from gravitational
lensing (Williams & Saha 2004; Sharon et al. 2005) are also shown for comparison. The meaning of the vertical dashed line is the same as
Figure 2.

Fig. 4.— Total quasar spectrum (the sum of images A, B, C, and D) fit with a power-law (dashed) plus Gaussian (dot-dashed) model,
which is shown by the solid line.
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Fig. 5.— X-ray spectra of images A – D fit with a power-law (dashed) plus Gaussian (dot-dashed) model, which is shown by the solid
line.


